Endothelial progenitor cells (EPCs) have been isolated from circulating mononuclear cells in peripheral blood and shown to incorporate into foci of neovascularization, consistent with postnatal vasculogenesis. These circulating EPCs are derived from bone marrow and are mobilized endogenously in response to tissue ischemia or exogenously by cytokine stimulation. We show here, using a chemotaxis assay of bone marrow mononuclear cells in vitro and EPC culture assay of peripheral blood from simvastatin-treated animals in vivo, that the HMG-CoA reductase inhibitor, simvastatin, augments the circulating population of EPCs. Direct evidence that this increased pool of circulating EPCs originates from bone marrow and may enhance neovascularization was demonstrated in simvastatin-treated mice transplanted with bone marrow from transgenic donors expressing β-galactosidase transcriptionally regulated by the endothelial cell-specific Tie-2 promoter. The role of Akt signaling in mediating effects of statin on EPCs is suggested by the observation that simvastatin rapidly activates Akt protein kinase in EPCs, enhancing proliferative and migratory activities and cell survival. Furthermore, dominant negative Akt overexpression leads to functional blocking of EPC bioactivity. These findings establish that augmented mobilization of bone marrow-derived EPCs through stimulation of the Akt signaling pathway constitutes a novel function for HMG-CoA reductase inhibitors.
genic activity of EPCs, specifically modulating EPC responsivity to statin therapy.
Methods
Human EPC culture and immunoblot analysis. PBMCs were isolated from blood of human volunteers by density gradient centrifugation with Histopaque-1077 (Sigma Chemical Co., St. Louis, Missouri, USA) as described previously (2, 4, 5, 24) . All experiments were performed with day 7 EPC cultures. Before immunoblot analysis, cells were serum depleted for 24 hours. Experiments were initiated by addition of the indicated amount of alkaline hydrolysis-activated simvastatin, 100 ng/ml vascular endothelial growth factor (VEGF; R&D Systems Inc., Minneapolis, Minnesota, USA) or vehicle control. Immunoblots were performed as described previously (22) Mitogenic activity, migration assay, and chemotaxis assay. Mitogenic activity was assayed using a previously validated colorimetric MTS assay (5). Simvastatin, VEGF, or vehicle was added to the culture plate wells for 24 hours before assay. Mitogenic activity was further evaluated by analysis of 5 × 10 5 day 7 EPCs seeded on a 35-mm plate and exposed to simvastatin, VEGF, or vehicle for 24 hours before manual counting on day 9.
EPC migration was evaluated using a modified Boyden chamber assay (5) . Simvastatin, VEGF, or vehicle, in serum-free EBM-2 media with 0.5% lipid-free FBS (Sigma Chemical Co.), was placed in the lower compartment of the chamber. A total of 5 × 10 4 EPCs in 50 µl of EBM-2 supplemented with 0.5% BSA were seeded in the upper compartment of the chamber. Cell migration was quantified by counting cells in four randomly selected high-power fields (40×) (4, 5) . All groups were studied in triplicate.
Chemotaxis was assayed as described previously (5). Briefly, 1 × 10 6 bone marrow (BM) cells were added to the upper chamber of a Coster Transwell (6.5-mm diameter, 3-µl pore), and 600 µl of chemotaxis buffer (without cells) was added to the lower chamber. Simvastatin was added to the chemotaxis buffer, and rhVEGF (100 ng/ml) and murine GM-CSF (50 ng/ml) were used for the positive chemoattractant response in this assay. Cells migrating into the lower chamber were collected in 50 µl of buffer and counted manually using a hemocytometer.
Expression of surface antigens of cultured human EPCs. FACS was used to detect the expression of cell-surface integrins and endothelial lineage antigens on EPCs as described previously (24) . Purified anti-KDR (Sigma Chemical Co.), antivascular endothelium cadherin (clone BV-6), anti-integrin αvβ5 (clone P1F6), antiendothelial P1H12 (all three from Chemicon International, Temecula, California, USA), the biotinylated anti-CD62E (E-selectin), the FITC-conjugated anti-αvβ3 (both from PharMingen, San Diego, California, USA), anti-CD3 (Becton Dickinson Labware, Franklin Lake, New Jersey, USA), anti-CD68, and the phycoerythrinconjugated anti-CD31, anti-CD34, and anti-CD19 (Becton Dickinson Labware) were used for each epitope.
Mice. All procedures were performed in accordance with the St. Elizabeth's Institutional Animal Care and Use Committee. Wild-type (C57BL/6) mice and FVB/N mice (both from The Jackson Laboratory, Bar Harbor, Maine, USA) were used. Mice were fasted overnight, and blood obtained by heart puncture was collected into serum tubes. Sera from each mouse was centrifuged, following which cholesterol levels were determined.
Murine EPC culture assay. Four days after culture, EPCs, recognized as attaching spindle-shaped cells, were assayed by costaining with acLDL-DiI and FITC-conjugated BS-1 lectin (Sigma Chemical Co.), each characteristic of endothelial lineage. Independent investigators used fluorescence microscopy to identify and manually count double positive cells as EPCs (4, 5, 24) .
Murine BM transplantation model and cornea neovascularization assay. A murine BM transplantation (BMT) model was used as described previously (3) (4) (5) . The corneas of transplanted mice were collected at 6 days after corneal microsurgery for immunofluorescent detection of β-galactosidase. During these 6 days, simvastatin or control vehicle was continued. The pellets contained 180-200 ng of VEGF. The corneas of all mice were routinely examined by slit-lamp biomicroscopy to evaluate corneal neovascularization on the 6th postoperative day.
After completing the corneal examination, mice received 500 µg of BS-1-conjugated FITC (Vector Laboratories, Burlingame, California, USA) intravenously and were sacrificed 30 minutes later. The eyes were enucleated and fixed in 1% paraformaldehyde. After fixation, corneas were incubated with X-gal staining solution overnight and whole mounted, or they were incubated with β-gal antibody (Cortex, San Leandro, California, USA) at 1:500 dilution at 4°C overnight, and Cy3 goat anti-rabbit antibody (The Jackson Laboratory) as a secondary antibody at 1:300 dilution at room temperature for 1 hour. Otherwise they were whole mounted for detection by fluorescent microscopy or paraffin embedded and prepared for double-fluorescent immunohistochemistry as described below.
Fluorescent immunohistochemistry of BMT cornea model. The corneas of transplanted mice were collected at 6 days after corneal microsurgery, and double staining was performed. β-Gal antibody (Chemicon International) was used at 1:200 dilution at 4°C overnight, and Cy3 goat anti rabbit antibody (Jackson Laboratories) was used as secondary antibody at 1:400 dilution at room temperature for 1 hour. Isolectin B4 (Vector Technologies Inc.) was used at 1:100 dilution at 4°C overnight. The resulting fluorescent signal was detected by fluorescence microscopy.
Apoptosis assays. Annexin-V-FRUOS staining (Roche Molecular Biochemicals, Indianapolis, Indiana, USA) and Hoechst 33342 (Sigma Chemical Co.) staining were performed as described previously (22) . Day 7 EPCs were seeded onto four-chamber slides (7.5 × 10 4 cells per well in 500 µl of EBM2). Annexin-V staining was performed after 24 hours of serum starvation; Hoechst 33342 staining was performed 48 hours after serum starvation. Resulting fluorescent signals were detected by fluorescence microscopy. Annexin-positive cells and Hoechststained pyknotic nuclei were counted as the percentage of 200 cells and nuclei in each well, respectively.
Dominant negative Akt/adenovirus infection. Day 7 cultured EPCs were transduced with an adenoviral construct encoding dominant negative Akt1 (dnAkt) at an moi of 500 for 3 hours in EBM2 media containing 1% FBS (with growth factor). On the following day, cells were seeded in a 96-well plate (for MTS assay), Boyden chamber (for migration assay), or four-chamber slides (for apoptosis assays).
Statistical analysis. All data are presented as mean ± SEM. Differences between group means were assessed by an unpaired Student's t test for single comparisons and by ANOVA for multiple comparisons. Values of P < 0.05 were considered significant.
Results

Augmented in vitro angiogenic features of EPCs in response to
simvastatin. Ex vivo cultured EPCs were prepared as described previously (24) . FACS analysis performed after 7 days in culture disclosed that the majority of the cells expressed EC-specific antigens, including VEGF receptor-2 (VEGFR-2 [KDR], 80.1% ± 4.1%), VE-cadherin (78.1% ± 8.2%), CD31 (77.5% ± 8.8%), and P1H12 (71.2% ± 5.7%). Further characterization excluded significant contamination by hematopoietic lineage cells such as T lymphocytes or macrophage/monocytes (data not shown).
To detect evidence of Akt signaling in EPCs after exposure to VEGF, Western immunoblot analysis of Akt phosphorylation was performed under various conditions. This disclosed that simvastatin treatment led to a dose-dependent increase in serine 473 Akt phosphorylation within 10 minutes, with maximal Akt phosphorylation occurring at 1 µM simvastatin (data not shown). Increased Akt phosphorylation was detected as early as 5 minutes after exposure to 1 µM simvastatin and peaked at approximately 1 hour (Figure 1a) .
The effect of simvastatin on EPC proliferation was assayed using a previously validated colorimetric MTS assay with the electron coupling reagent phenazine methosulfate ( 1 µM concentration (c, e, and g ). Cell number, mitogenic response, and migratory effect to simvastatin were precluded by dnAkt overexpression. -, simvastatin-negative; +, simvastatin-positive. *P < 0.01.
To determine the role of Akt in modulating these mitogenic and migratory responses to statin therapy, adenovirus gene transfer was used to overexpress dnAkt in EPCs. The impact of simvastatin on both proliferation and migration was abrogated in dnAkt-transfected cells, but not in cells transfected with adenovirus encoding β-gal (Figure 1, c, e, and g ).
Increase in EPC survival induced by simvastatin. Serum starvation was used to induce apoptosis in cultured EPCs. Annexin-V staining disclosed Akt-mediated reduction by simvastatin in the number of EPCs positive for Annexin-V or propidium iodide, a marker for cell death (Figure 2a) . Tf/β-gal + no simvastatin versus Tf/β-gal + simvastatin was 29% ± 3% vs. 6% ± 1% (P < 0.01), and Tf/dnAkt + no simvastatin versus Tf/dnAkt + simvastatin was 31% ± 3% vs. 27% ± 1% (NS), Annexin-positive cells, respectively (Figure 2b) .
Hoechst 33342 staining was also performed to determine the proportion of apoptotic cells by manually counting pyknotic nuclei. Simvastatin reduced the percentage of apoptotic cells from 24% ± 5% in the controls to 6% ± 1% (P < 0.02) (Figure 2c ). dnAkt overexpression again abolished the effect of simvastatin on cell survival (Tf/β-gal + no simvastatin versus Tf/β-gal + simvastatin, 21% ± 6% vs. 5% ± 1% [P < 0.01], and Tf/dnAkt + no simvastatin versus Tf/dnAkt + simvastatin, 26% ± 2% vs. 21% ± 2% [NS], pyknotic nuclei, respectively) (Figure 2d) .
EPC mobilization induced by simvastatin in vitro and in vivo.
As demonstrated in previous reports (4, 5) , mobilization of EPCs contributes to postnatal neovascularization and is enhanced by tissue ischemia or cytokine administration. To investigate EPC mobilization, we first studied the effect of simvastatin on EPC chemotactic activity in vitro in a transwell assay. Chemotactic activity was increased by simvastatin, with maximum chemotactic activity observed in the group treated with 1 µM simvastatin (control versus 1 µM simvastatin: 1,137 ± 148 vs. 4,681 ± 598; control versus 10 µM simvastatin: 1,137 ± 148 vs. 3387 ± 460, cells per 50 µl of lower chamber media; P < 0.01) (Figure 3c ).
To evaluate EPC mobilization in vivo, the murine EPC culture assay (4, 5) was used as a functional index of circulating EPCs. Peripheral blood samples from four animals of each treatment group were collected, and PBMCs were cultured as described above. The number of EPCs after 4 days in culture, confirmed by a combination of both acLDL uptake and BS-1 lectin reactivity, documented increased circulating EPCs in the peripheral blood of simvastatin-treated versus control mice (205 ± 5 vs. 147 ± 7 cells/mm 2 ; P < 0.05) (Figure 3, a and b) . FACS analysis confirmed the increase in EPCs, showing increased Flk-1-positive cells among peripheral mononuclear cells from simvastatin-treated versus control mice (0.50% ± 0.03% vs. 0.23% ± 0.03% of cells; P < 0.01) (Figure 3d ). There was no statistically significant difference in the levels of serum cholesterol between treated and control mice (data not shown).
Enhanced contribution of BM-derived EPCs to corneal neovascularization.
To establish whether the in vitro and in vivo findings suggesting provasculogenic effects of simvastatin on EPCs were associated with augmented neovascularization, simvastatin therapy was studied in a murine model of corneal injury after BMT. Recipient mice were injected with BM from transgenic mice constitutively expressing β-galactosidase encoded by lacZ (LZ) under the transcriptional regulation of an EC-specific promoter, Tie-2 (25) . Reconstitution of the transplanted BM yielded Tie-2/LZ/BMT mice in which expression of lacZ is restricted to BM-derived cells expressing Tie-2; lacZ expression is not observed in other somatic cells. The Tie-2/LZ/BMT mice then underwent
402
The 
Discussion
These experiments establish a novel role for statins, analogous to that described for EPC-modulating cytokines, in the regulation of postnatal neovascularization. VEGF, as an example of a prototypical angiogenic growth factor, was initially considered to promote neovascularization solely via mitogenic and promigratory effects on fully differentiated endothelial cells; i.e., the classical paradigm of angiogenesis elaborated by Folkman et al. (28) . Subsequent studies in animal models (5) and human subjects (6, 7), however, established that VEGF also acts to mobilize BMderived EPCs that contribute to postnatal neovascularization via vasculogenesis. It is thus likely that this mechanism contributes in part to postnatal neovascularization recently documented in animals with hindlimb ischemia after statin therapy (22) .
The documented chemotactic effect of simvastatin on EPCs supports the notion that simvastatin mobilizes EPCs from BM. This finding was directly confirmed in vivo by the demonstration, in mice transplanted with BM from transgenic donors expressing β-galactosidase transcriptionally regulated by the endothelial cell-specific Tie-2 promoter, that simvastatin augmented incorporation of EPCs mobilized from the BM into foci of corneal neovascularization.
Moreover, the Akt signaling pathway, shown here to mediate the proangiogenic effects of VEGF on EPCs in vitro, is also demonstrated to constitute the critical signaling pathway for statin-modulated vasculogenic properties of EPCs. The serine/threonine protein kinase Akt (also known as protein kinase B) was first identified as an oncogene owing to its ability to transform normal cells (29, 30) . Subsequent studies, however, clarified that Akt functioned as an antiapoptosis protein, protecting against cell death induced by growth factor withdrawal (31) (32) (33) (34) . More recently, an expanded role for Akt has been established involving a variety of cardiovascular events (35) . Akt, for example, has been shown to act downstream of the angiogenic growth factors VEGF and angiopoietin (16-18, 36, 37) to confer EC survival and ensure proper vessel development (18) . Constitutive activation of Akt signaling also protects cardiomyocytes from apoptosis after ischemia-reperfusion injury in vivo (38) . In addition to this cytoprotective role, Akt functions as an activator of endothelial cell NO production in response to VEGF and shear via phosphorylation of endothelial NO synthase (eNOS) on serine 1179 or 1177 (20, 21) , thereby controlling vasomotor reactivity (39) . Akt has also been shown to be essential for directed EC migration toward VEGF (19) .
The evidence that Akt regulates VEGF-induced EC survival, NO production and migration suggests a potentially important role for Akt signaling in mediating the response of ECs to angiogenic stimuli. Indeed, Kureishi et al. have demonstrated that simvastatin rapidly activates Akt signaling in ECs, enhances phosphorylation of the endogenous Akt substrate eNOS, inhibits apoptosis, and accelerates formation of vascular structures in vitro in an Aktdependent manner (22) . Furthermore, augmented Akt signaling enhanced neovascularization in the rabbit ischemic hindlimb model.
In our experiments, simvastatin was shown to promote EPC proliferation, migration, and cell survival in vitro via the Akt signaling pathway, a finding that was confirmed by functional blocking with dominant negative Akt overexpression. The potential for similar systemic effects of statin on tissue regeneration have been previously demonstrated by statin-upregulated osteoblast activity leading to new bone formation (40) .
The results from this study thus suggest indicate that simvastatin may have utility for therapeutic postnatal vasculogenesis of ischemic tissue, potentially including patient populations with normal cholesterol levels.
